Despite the fact that 45% of all human gene promoters do not contain CpG islands, the role of DNA methylation in control of non-CpG island promoters is controversial and its relevance in normal and pathological processes is poorly understood. Among the few studies which investigate the correlation between DNA methylation and expression of genes with non-CpG island promoters, the majority do not support the view that DNA methylation directly leads to transcription silencing of these genes. Our reporter assays and gene reactivation by 5-aza-2 ′ -deoxycytidine, a DNA demethylating agent, show that DNA methylation occurring at CpG poor LAMB3 promoter and RUNX3 promoter 1(RUNX3 P1) can directly lead to transcriptional silencing in cells competent to express these genes in vitro. Using Nucleosome Occupancy Methylome-Sequencing, NOMe-Seq, a single-molecule, high-resolution nucleosome positioning assay, we demonstrate that active, but not inactive, non-CpG island promoters display a nucleosome-depleted region (NDR) immediately upstream of the transcription start site (TSS). Furthermore, using NOMe-Seq and clonal analysis, we show that in RUNX3 expressing 623 melanoma cells, RUNX3 P1 has two distinct chromatin configurations: one is unmethylated with an NDR upstream of the TSS; another is methylated and nucleosome occupied, indicating that RUNX3 P1 is monoallelically methylated. Together, these results demonstrate that the epigenetic signatures comprising DNA methylation, histone marks and nucleosome occupancy of non-CpG island promoters are almost identical to CpG island promoters, suggesting that aberrant methylation patterns of non-CpG island promoters may also contribute to tumorigenesis and should therefore be included in analyses of cancer epigenetics.
INTRODUCTION
Epigenetic processes play important roles in many key biological processes, including but not limited to embryonic development, genomic imprinting and X-chromosome inactivation (1) . Gene expression can be regulated epigenetically by DNA methylation, histone variants and modifications and nucleosome positioning. These modifications work together to create an epigenetic landscape, which determines the potential for gene expression (2 -4) . DNA methylation, occurring in the context of the CpG dinucleotide, has profound effects on gene expression by modifying the accessibility of DNA to transcription factors (5) . It is well accepted that DNA methylation occurring on CpG islands acts as a silencing mechanism during normal development and tumorigenesis (1) .
Histone modifications, variants and nucleosome positioning work coordinately with DNA methylation to regulate gene expression by modifying the accessibility of promoter regions to the transcription machinery (6, 7) . The N-terminal tails of histones undergo a variety of post-translational modifications to generate permissive or refractory chromatin conformations depending upon the type and location of the modifications (3, 8) . For instance, trimethylation of lysine 4 * To whom correspondence should be addressed. Tel: +1 3238650470; Fax: +1 3238650102; Email: gliang@usc.edu # The Author 2011. Published by Oxford University Press. All rights reserved. For Permissions, please email: journals.permissions@oup.com on Histone 3 (H3K4me3) is enriched at the promoters of transcriptionally active genes (9, 10) , whereas trimethylation of H3K9 and H3K27 is associated with transcriptionally inactive gene promoters (10, 11) . The presence of a nucleosomedepleted region (NDR) immediately upstream of transcription start sites (TSSs) is critical for active gene transcription by providing sites for transcription machinery binding (12) . Transcriptionally active promoters display a NDR, which can accommodate at least one nucleosome immediately upstream of the TSS. In contrast, transcriptionally inactive promoters lack this NDR (7, (13) (14) (15) .
The role of CpG methylation in long-term silencing of genes, whose promoters contain CpG islands is well understood (7, 16) . Despite the fact that 45% of all human gene promoters, particularly those controlling the expression of tissue-specific genes, do not lie within CpG islands (17) , little is known about their regulation and the potential role of methylation as a transcriptional control mechanism. A number of genes with non-CpG island promoters have been reported to be methylated in normal tissues, displaying a tissue-specific methylation pattern, suggesting DNA methylation may play a role in the establishment and maintenance of tissue-specific expression patterns (18) . Some studies, including those from our own laboratory, have shown that there is an inverse correlation between DNA methylation and gene expression, as it has been demonstrated for CpG island promoters (18, 19) , whereas other studies have reported that CpG-poor promoters could be still expressed when they are methylated (20) . However, when we re-examined this in more detail by categorizing promoters into low, intermediate and high CpG density and found that the inverse correlation between methylation and expression still holds in promoters with low CpG density (19) .
In this study, using two non-CpG island promoters as models, we show that the promoter of Laminin Beta 3 (LAMB3) and Runt related transcription factor 3 promoter 1(RUNX3 P1) are methylated in a tissue-specific manner, suggesting that methylation at non-CpG island promoters has a functional significance in the establishment and maintenance of cell identity. In addition, the LAMB3 promoter is aberrantly hypomethylated in primary bladder tumors, indicating a potential role of aberrant methylation occurring at non-CpG islands in tumorigenesis. We further show that methylation of the promoter of LAMB3 and RUNX3 P1 directly leads to transcriptional silencing in cells that are capable of expressing their gene products. Demethylation is necessary but not sufficient to induce gene expression. Other transcription machineries, such as necessary transcription factors are required. Finally, using Nucleosome Occupancy Methylome-Sequencing (NOMe-Seq) in combination with chromatin immunoprecipitation (ChIP), we demonstrate that nucleosome occupancy and histone tail modifications associated with the TSS of LAMB3 and RUNX3 P1 active promoters are remarkably similar to those found in CpG island promoters. In summary, these observations show that genes with non-CpG island promoters share many epigenetic features that are associated with CpG island promoter genes, despite their low CpG density. We propose that the regulation of non-CpG island promoters by DNA methylation plays an important role in the establishment and/or maintenance of cell identity.
Furthermore, it has a potential contribution to tumorigenesis, and therefore, should be taken into consideration in the study of cancer epigenetics.
RESULTS
The LAMB3 promoter and RUNX3 P1 show tissue-specific and lineage-specific methylation patterns LAMB3 encodes the b subunit of laminin 5, which facilitates the attachment of epidermal cells to the basement membrane (21) . RUNX3, a member of the highly conserved DNA-binding RUNT domain family of transcription factors, is highly expressed in the hematopoietic system (22) . RUNX3 is regulated by two distantly located promoters, P1 and P2 (22) , and most studies of RUNX3 focus on the transcript from P2, a CpG island promoter. It has been shown that the transcripts generated by RUNX3 P2 have tumor suppressor activity (23) . RUNX3 P2 has been reported repeatedly to be hypermethylated in various cancers (24) (25) (26) (27) , whereas little is known about RUNX3 P1. The LAMB3 promoter and RUNX3 P1 are not located within CpG islands according to the criteria established by Takai and Jones (17, 28) , which defines a CpG island as regions of DNA greater than 500 bp with a G + C content ≥55% and an observed CpG/expected CpG ratio that is .65%. To determine the DNA methylation status of the LAMB3 promoter and RUNX3 P1, we carried out bisulfite genomic sequencing in a panel of normal human tissues. Thirteen CpG sites within the 340 bp promoter region of LAMB3 were analyzed. It is heavily methylated in the sperm, testis, lung and white blood cells (WBC) (Fig. 1A) . In contrast, it is minimally methylated in placenta lining and almost completely devoid of methylation in skin keratinocytes (Fig. 1A) , where LAMB3 is endogenously expressed (data not shown). These data suggest that DNA methylation of the LAMB3 promoter may play a role in controlling its tissuespecific expression.
We also analyzed 13 CpG sites within a span of 240 bp in RUNX3 P1. It is heavily methylated in the sperm, testis and placenta, and is 50% methylated in the lung and WBC, with a majority of the strands being either completely methylated or completely unmethylated (Fig. 1B) . This suggests the possibility of cell type-specific methylation pattern. WBC are a mixture of cell types, so we fractionated them using a FicollPaque PLUS density gradient to isolate granulocytes and lymphocytes. T-cells were further purified from the lymphocytes. The granulocytes had a mixed pattern of methylation, as previously seen in unfractionated WBCs; however, the T-cells were almost completely devoid of methylation. Importantly, lack of methylation across RUNX3 P1 was not observed in any other tissues analyzed (Fig. 1B) , suggesting that the transcript generated from RUNX3 P1 is crucial to T-cells function, in agreement with its role in blood cell development (29, 30) . Our data show that RUNX3 P1 displays cell type-specific methylation pattern.
LAMB3 is hypomethylated in primary bladder tumors
The importance of abnormal methylation of CpG island promoters in carcinogenesis is well established (1, 31) . In
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contrast, the potential role of aberrant methylation of non-CpG island promoters during tumorigenesis is poorly understood. To evaluate the methylation patterns of the LAMB3 promoter and RUNX3 P1 in cancer, we investigated the DNA methylation level of the LAMB3 promoter in 21 matched sets of invasive primary bladder tumors and their paired 'normal' urothelium using methylation-sensitive single-nucleotide primer extension (Ms-SNuPE). The results show a significant reduction (P-value ¼ 0.004) in the levels of DNA methylation of the LAMB3 promoter in the tumors (56%) compared with 'normal' urothelium (79%) (Fig. 2A) . These results are in agreement with our in silico analysis of LAMB3 expression using the cancer microarray database ONCOMINE (32), which shows significant up-regulation of LAMB3 (P-value ¼ 6.44E27) in primary bladder tumors compared with normal urothelium (Fig. 2B) . Together, these data show that in primary bladder tumors, hypomethylation of the LAMB3 promoter is associated with its over-expression, suggesting that LAMB3 may play a functional role in tumorigenesis by loss of methylation. Furthermore, our results also suggest that the inverse relationship between promoter methylation and gene expression still holds true in CpG-poor regions. In contrast to the LAMB3 promoter, RUNX3 P1 showed no significant methylation changes in primary bladder tumors compared with normal urothelium (data not shown). 
5-Aza-CdR can induce expression of non-CpG island promoter genes
Our results presented thus far suggest that DNA methylation regulates non-CpG island promoters and leads to gene silencing. To elucidate whether this effect is direct or indirect, we examined whether expression of endogenous LAMB3 and the transcript generated by RUNX3 P1 can be induced by treating cells that do not express these genes with a DNA methylatransferase inhibitor, 5-aza-2 ′ -deoxycytidine (5-Aza-CdR). We first screened a panel of cell lines for endogenous expression of LAMB3 and the transcript produced from RUNX3 P1 (data not shown) and selected a suitable pair of cell lines that expressed just one of the two transcripts. A dose-response experiment was performed to determine the optimal concentration of 5-Aza-CdR for each cell line. The maximum demethylation level was reached for both cell lines when 0.5 mM of 5-Aza-CdR was used (Supplementary Material, Fig. S1 ). HaCaT cells express LAMB3, and 623 melanoma cells express RUNX3 P1. Both cell lines were treated with 0.5 mM of 5-Aza-CdR for 24 h. DNA and RNA were harvested 8 days after drug treatment to evaluate methylation and gene expression levels, respectively. The LAMB3 promoter showed an 80% methylation and undetectable expression level in 623 melanoma cells prior to 5-Aza-CdR treatment. However, its expression remained low after 5-Aza-CdR treatment, even though DNA demethylation was observed (Fig. 3A) , suggesting that LAMB3 expression requires other transcription regulators that are absent in 623 melanoma cells. Prior to 5-Aza-CdR treatment, LAMB3 was expressed and its promoter was unmethylated in HaCaT cells. Interestingly, the expression level increased following 5-Aza-CdR treatment, suggesting that 5-Aza-CdR-induced genome-wide demethylation may lead to up-regulation of other factors required for LAMB3 expression.
RUNX3 P1 displayed a 95% methylation and its transcript was undetectable in HaCaT cells (Fig. 3B) . Treatment with 5-Aza-CdR induced both DNA demethylation and an increase in transcription from RUNX3 P1, suggesting that expression from this non-CpG island promoter is regulated by DNA methylation (Fig. 3A, left panel) . Surprisingly, our results showed a 35% methylation on RUNX3 P1 in 623 melanoma cells, which endogenously express the transcript from this promoter (Fig. 3B, right panel) . Overall, our data illustrate that the expression of genes controlled by non-CpG island promoters can be induced after 5-Aza-CdR treatment only in cells that contain necessary transcription machinery for such expression.
DNA methylation directly silences non-CpG island gene promoters
Results from the 5-Aza-CdR treatment suggested that DNA methylation can regulate gene expression from non-CpG island promoters. However, this agent induces genome-wide demethylation, the observed increase in expression after treatment could be indirect. To eliminate this possibility, we investigated whether DNA methylation plays a direct role in regulating non-CpG island promoters using a luciferase reporter assay based on a CpG-less luciferase vector-pCpGL (33) .
Methylated and unmethylated pCpGL-LAMB3 and pCpGL-RUNX3P1 were transfected into HaCaT cells and 623 melanoma cells. In agreement with their endogenous expression status, high luciferase activities were observed when unmethylated promoters, including mock-treated 
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control plasmids, were transfected into cells which are competent to express each gene. In contrast, low luciferase activities were observed when the promoters were methylated, indicating methylation can directly suppress promoter activity (Fig. 4A , left panel, and B, right panel). To rule out the possibility that plasmid methylation could affect transfection efficiency, we took advantage of HpaII sites present in the promoter of LAMB3 and HpaII and HhaI sites in RUNX3 P1. Cells transfected with plasmids that were only methylated by HpaII (Fig. 4A ) or HpaII and HhaI methyltransferases (Fig. 4B) showed a level of luciferase activity comparable with that of unmethylated controls arguing against the possibility that the low level of luciferase activity detected in our study was caused by low transfection efficiency of methylated plasmids. In addition, this result suggests that partial or sporadic methylation may not be sufficient to silence these genes and that extensive methylation may be required to achieve gene silencing. Luciferase activity remained low in 623 melanoma cells transfected with methylated or unmethylated pCpGL-LAMB3 (Fig. 4A, right panel) , suggesting that expression also requires the presence of additional factors to initiate transcription in host cells. These results are consistent with our previous findings that 5-Aza-CdR treatment fails to induce LAMB3 expression in 623 melanoma cells (Fig. 3A) . Consistent with our expression data of the RUNX3 P1 in HaCaT cells after 5-Aza-CdR treatment, we observed moderate luciferase activity when transfecting unmethylated RUNX3 P1 into HaCaT cells, which do not express this gene endogenously.
As expected, no luciferase activity was observed when methylated RUNX3 P1 was transfected into HaCaT cells (Fig. 4B , left panel). Taken together, these data show that DNA methylation can directly lead to transcriptional silencing. Furthermore, the results also show that promoter demethylation is not sufficient for re-expression of genes controlled by non-CpG island promoters.
Distinct histone modifications at LAMB3 and RUNX3 promoters correlate with their expression statuses Specific histone tail modifications have been previously shown to be associated with active and inactive CpG island promoters (34, 35) . For instance, methylation of histone H3 lysine 4 (H3K4), acetylation of histone H3 lysine 9 (acH3K9) and H2A.Z have been shown to be important for transcriptional activation of CpG island promoters, whereas the methylation of histone H3 lysine 9(H3K9) is associated with transcriptionally silenced genes (34, 36) . To characterize the chromatin architecture associated with the LAMB3 promoter and RUNX3 P1, we performed ChIP-qPCR analysis of histone tail modifications. An enrichment of H3K4me3 and acetylation of H3, H2A.Z and p-Pol II were observed at the LAMB3 promoter in HaCaT cells, whereas minimal or no enrichment of such active marks was observed in LAMB3 non-expressing 623 melanoma cells (Fig. 5) . Similarly, active marks were associated with RUNX3 P1 in its expressing 623 melanoma cells but not in the non-expressing HaCaT cells (Fig. 5) . Surprisingly, enrichment of inactive histone marks H3K9me3 and H3K27me3 was not observed at transcriptionally inactive non-CpG island promoters and was not correlated with expression status. Our positive controls, FAM84a, a known polycomb silenced gene, and p16 exon 2, a region that is silenced by DNA methylation in these two cell lines (data not shown), showed an enrichment of H3K27me3 and H3K9me3, respectively (Fig. 5 ). Our results demonstrate that non-CpG island promoters may have limited similarity in histone modifications to CpG island promoters. Only active non-CpG island promoters display a histone tail modification repertoire similar to that of CpG island promoters, thereby showing a link between DNA methylation status and chromatin configuration at such non-CpG promoters. Distinct nucleosome occupancies at LAMB3 and RUNX3 promoters are associated with their methylation status Nucleosome positioning participates in transcription regulation by modifying the accessibility of DNA to transcription machinery (14, 37) . It is well-known that active CpG island promoters contain a NDR upstream of their TSSs, whereas inactive CpG island promoters lack this NDR (7, 15, 37) . To characterize the chromatin architecture of non-CpG island promoters, we used a single-molecule, high-resolution nucleosome positioning assay, NOMe-Seq (37, 38) , which is based on the ability of the M.CviPI enzyme to methylate GpC sites (39) (Fig. 6A) . The presence of the NDR correlated with high LAMB3 expression and the unmethylated status of the LAMB3 promoter in these cells (Fig. 3A) . In contrast, 623 melanoma cells, which exhibit extensive methylation at the LAMB3 promoter, show almost no accessibility to M.CviPI at the region immediately upstream of the TSS, indicating the presence of nucleosomes (Fig. 6B) .
Despite the fact that RUNX3 P1 showed a 35% methylation, a transcript produced from this promoter is endogenously expressed in 623 melanoma cells (Fig. 3B) . To our surprise, 
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NOMe-Seq revealed that RUNX3 P1 exists in two distinct nucleosome configurations, which are associated with two different methylation patterns in these cells. A major strength of NOMe-Seq is the ability to correlate nucleosome positioning and DNA methylation within the same DNA strand. We found that 40% of the strands were either completely unmethylated or sporadically methylated, displaying an NDR upstream of the TSS. On the other hand, methylated strands lacked this NDR (Fig. 6C) . Conversely, in non-expressing HaCaT cells, RUNX3 P1 was heavily methylated (Fig. 4B) , and had minimal accessibility to M.CviPI, indicating nucleosome occupancy at the TSS (Fig. 6D) . Taken together, these data indicate that in non-CpG island promoters, the pattern of nucleosome occupancy at the TSS correlates with their methylation and expression status, similar to that of CpG islands.
Monoallelic methylation of RUNX3 P1 in 623 melanoma cells
The methylation pattern of RUNX3 P1 we found in 623 melanoma cells was reminiscent of that observed in monoallelically methylated genes (40, 41) . To investigate the possibility that RUNX3 P1 is monallelically methylated, we cloned single 623 melanoma cells and the methylation level of RUNX3 P1 and expression level of the transcript generated by RUNX3 P1 assessed in each clone as well as the parental cells. Parental cells and all the clones showed comparable DNA methylation and expression levels (data not shown). Subsequently, we selected two clones, one with the highest and one with the lowest DNA methylation level and performed bisulfite genomic sequencing to determine the methylation pattern at a single-molecule resolution. The results show that two clones displayed a 24% and a 35% methylation and exhibited a monoallelic methylation pattern with majority of the DNA strands being either completely methylated or unmethylated (Fig. 7) .
DISCUSSION
Gene expression is regulated epigenetically by DNA methylation, histone modifications and nucleosome positioning. Although genome-wide studies have revealed the pattern of methylation across the whole genome both at CpG island and at non-CpG island promoters (35) , the role of DNA methylation at non-CpG island promoters has often been overlooked. It has been previously speculated that CpG methylation at non-CpG island promoters is involved in the establishment and maintenance of tissue-specific gene expression based on a few genome-wide DNA methylation analyses (18, 35) . However, no clear examples of such genes have been identified in humans. We found that the promoter of LAMB3 and RUNX3 P1 shows a tissue-specific methylation pattern; in addition, the promoter of LAMB3 is hypomethylated in primary bladder tumors, suggesting that DNA methylation at non-CpG island promoters is involved in regulating both normal cell functions and pathological processes. It has been shown that aberrant methylation occurring at non-CpG island promoters can also result in ectopic gene activation or silencing, thereby contributing to tumorigenesis (42) . LAMB3 hypermethylation and gene silencing have been reported to occur in various types of cancers, including bladder cancer, causing its silencing (43) (44) (45) . However, our results clearly show that hypomethylation of the LAMB3 promoter correlates with its upregulation in primary bladder tumors, thus potentially contributing to tumorigenesis, as it has been previously shown to increase cell motility (46) . In addition, our laboratory has demonstrated that both aberrant hypermethylation and hypomethylation occur in bladder tumors when compared with cancer-free urothelium (47) by using Illumina GoldenGate methylation assay, which interrogates 1370 CpG loci. Most of the hypomethylated loci were located in non-CpG island promoters. Hypomethylation of non-CpG island promoters was correlated with gene reactivation in both invasive and superficial bladder tumors, supporting that the view of hypomethylation occurring at non-CpG island promoters may play an important role in carcinogenesis.
To assess whether DNA methylation can directly regulate non-CpG island promoters, we utilized a CpG-less luciferase gene containing vector to perform the luciferase reporter assay. This CpG-less vector overcomes the problems previously associated with testing methylation-sensitive promoter activity in vitro. For example, the traditional way of testing methylation-sensitive promoter activity involves methylating an entire reporter vector (promoter and backbone) in vitro. This can be problematic due to the existence of CpG sites in the coding region of the luciferase gene and vector backbone, thus potentially contributing to the repression of the promoter (33) . Another traditional way is patch methylation, which involves in vitro methylation of the promoter before ligating it to a vector to avoid methylating the vector, which is technically difficult and labor intensive. Our luciferase assay results demonstrate that DNA methylation can directly silence genes with non-CpG island promoters in cells competent to express these genes, arguing against a proposal that DNA methylation is unlikely to play a functional role in regulating non-CpG island promoters (20) . Our results also addressed some earlier concerns regarding a lack of examples of methylation of a tissue-specific gene that can prevent its transcription in a cell type which is capable of expressing the gene (48) . Our results also show, as expected, that promoter demethylation is not sufficient for a gene to induce gene re-expression, which requires the assembly of the transcriptional machinery, including proper specific transcription factors. The 623 melanoma cells presumably lack the necessary transcription factors for LAMB3 expression, thus resulting in both the failure of 5-Aza-CdR to induce re-expression as well as the inability of unmethylated LAMB3 constructs to be expressed in these cells.
We also showed that transcriptionally active non-CpG island promoters possess a chromatin structure that is similar to that in CpG island promoters, with an enrichment of active histone marks. However, enrichments of inactive histone marks were not observed and were not correlated with expression status at transcriptionally inactive promoters. It is possible that inactive histone marks are not shared by non-CpG island promoters (49) . The acquisition of inactive marks may require a higher concentration of methylated CpG sites. In the future, genome-wide analyses will be necessary to elucidate histone tail modifications that are associated with non-CpG island promoters. NOMe-Seq allowed us to map nucleosome occupancy at non-CpG island promoters at a single-molecule resolution, revealing that the existence of a NDR upstream of TSSs is not restricted to CpG island promoters. Using this powerful method, which allows for the correlation of DNA methylation status and nucleosome positioning within the same DNA strand, we also found that RUNX3 P1 is monoallelically methylated in 623 melanoma cells. To our knowledge, this is the first report showing that monoallelic methylation corresponds to distinct nucleosome occupancy.
In summary, our detailed study shows the underlying mechanism of epigenetic regulation at non-CpG island promoters. We demonstrate that DNA methylation can directly silence genes with non-CpG island promoters and contribute to the establishment of tissue-specific methylation patterns. The distinct chromatin architectures associated with active non-CpG island promoters are associated with an NDR immediately upstream of the TSS and the acquisition of active histone marks, such as H3K4me3, H3ac H2A.Z and p-Pol II, behaving similarly to active CpG island promoters. Lack of acquisition of inactive histone marks at inactive non-CpG island promoters may make them more 'plastic' and therefore more changeable during development.
MATERIALS AND METHODS

Isolation of human lymphocytes from whole blood
Blood (40 ml) was drawn (in accordance with the IRB protocol) from a healthy donor into a BD Vacutainer containing sodium heparin to prevent coagulation. Blood was layered on top of Ficoll-Paque PLUS (GE Healthcare, Piscataway, NJ, USA) in 15 ml centrifuge tubes. Tubes were spun in a clinical centrifuge (440g) for 30 min. The lymphocytes which were found at the interface between the plasma and the FicollPaque PLUS were recovered and subjected to short washing steps with Hank's balanced salt solution and phosphate buffered solution (Mediatech Inc., Herndon, VA, USA) to remove any platelets. CD8 + and CD4 + lymphocytes were further purified using Microbeads (Miltenyi, Auburn, CA, USA) conjugated to monoclonal anti-human CD8 + or CD4 + antibodies. Remaining granulocytes located on the layer immediately above the erythrocytes were also recovered separately and washed.
5-Aza-CdR treatment
HaCaT cells and 623 Melanoma cells were plated at 3 × 10 5 cells/100 mm dish and treated the next day with 0.5 mM of 5-Aza-CdR (Sigma Chemical Co., St Louis, MO, USA). The medium was changed 24 h later. RNA and DNA were extracted 8 days after the treatment. Methylation-sensitive single-nucleotide primer extension
Genomic DNA was treated with sodium bisulfite as previously described (50). The average cytosine methylation level was determined by the Ms-SNuPE as described previously (51) . Briefly, three CpG sites were interrogated for each promoter. The methylation percentage of each sample is the average of the three CpG sites examined by Ms-SNuPE. Primer sequences are available upon request.
M.SssI treatment and luciferase assay
LAMB3 promoter and RUNX3 P1 were cloned into a CpG-less vector, pCpGL using methylation insensitive restriction sites: SpeI and HindIII. The whole plasmid was subjected to in vitro methylation by methyltransferase M.SssI in the presence of methyl group donor S-adenosylmethionine (SAM). Three controls included mock-treated plasmids that were taken through the same steps, but in the absence of either or both of M.SssI and SAM. Methylation was confirmed by digestion of HpaII, a methylation-sensitive restriction enzyme, and MspI, an isoschizomer of HpaII, which is not methylation sensitive. Both the methylated and unmethylated promoters were transfected into HaCaT cells and 623 melanoma cells. After 24 h, cells were assayed for luciferase activities using a single-luciferase reporter assay kit from Promega (Madison, WI, USA).
ChIP assay
ChIP assays were performed as described previously using 4 × 10 6 cells per IP (7, 52) . H3, phospharylated Pol II and H3K9me3 antibodies were purchased from Abcam (Cambridge, MA, USA). Acetylated H3, H3K27me3 and IgG antibodies were purchased from Millipore (Billerica, MA, USA). H3K4me3 and H2A.Z antibodies were purchased from Active Motif (Carlsbad, CA, USA).
M.CviPI treatment
Nuclei preparation and GpC Methyltransferase treatment were performed as described previously (37, 38) . Briefly, freshly extracted nuclei were treated with 200 U of GpC methylatransferase in the presence of SAM for 15 min at 378C. An equal volume of stopping solution (20 nM Tris-HCl, 600 mM NaCl, 1% SDS, 10 mM EDTA, 400 mg/ml proteinase K) was added to stop the reaction. The whole reaction mixture was incubated at 558C overnight. DNA was purified by phenol/ chloroform extraction and ethanol precipitation, followed by PCR of regions of interest and TA cloning. Primer sequences are available upon request.
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